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The study of halo neutrons in light nuclei may require the detection of multiple neutrons
in a neutron detector array. The detection of multiple neutrons is especially challenging
due to all the “false-positives” induced by cross-talk events between detectors. In this work,
we report on the development of a cross-talk filter used to efficiently identify true neutron
pairs while rejecting cross-talk events based on time of flight considerations. The classic
method of neutron detection in the MeV range involves elastic scattering interactions with
the hydrogen contained in organic scintillators, either plastic or liquid. To improve the
performance of the cross-talk filter, it is possible to take into account the energy loss of
the scattered neutrons. In this context, we are also investigating the possibility of using
deuterated liquid scintillators, which can potentially provide better energy loss discrimination
than in normal scintillators. This work is done by simulating the interactions of neutron pairs
in various detector configurations using the simulation package GEANT4.
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Grand Accélérateur National d’Ions Lourds (Grand National Heavy Ion Accelerator,
France) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . GANIL
xii
ACKNOWLEDGMENTS
Thanks to my family and friends for their love and support in completing this work. I
would like to personally give thanks to,
My parents for their guidance and encouragement to follow my passion, and for providing
me the opportunity to futher my education.
Tarryn for being there for me every step of the way and for putting up with me in stressful
times.
Duane Smalley for his help in learning programming, solving problems, and smashing
bugs in my program.
Fred Sarazin for always expecting the highest quality work and providing great opportu-
nities and contacts to pursue a scientific career.
xiii




New technology in radioactive ion beams allows us to gain information about nuclear
stability and the formation of elements that make up our universe. Research in nuclear
reactions brings an increasing need for efficient neutron detection methods. The study of
the neutron drip line comes with the challenge of detecting multiple neutrons to better
understand the exotic nature of two-neutron halo structures. The detection of two-neutron
halos is of particular interest to learn of any possible n-n correlations of the halo neutrons
within the nucleus. This research addresses techniques to probe the nuclear halo structure
and methods to reduce the effect of cross-talk between detectors in a given array. The
methods discussed in this work can also be beneficial to a variety of applications including
neutron spectroscopy, neutron imaging, nuclear fusion research, fission reactors, and national
security. The completed research will be the basis of an experiment proposal at the ISAC-
II/TRIUMF facility in Vancouver, B.C.
1.1 Halo Nuclei
Light, neutron-rich isotopes exhibit interesting new quantum behaviors not encoun-
tered near stability. Some light, drip line nuclei contain loosely bound neutrons in s- or
p-configurations that form a “halo” around a core nucleus, causing it to be larger than ex-
pected in a simple model [1]. Some halo nuclei exhibit a nuclear radius that extends past
the range of the strong force, which is the force known to hold the nucleus together. Exper-
imental techniques in nuclear physics give us the ability to study reactions with nuclei that
are close to the neutron drip line. A few facilities that provide the necessary radioactive
beams are RIKEN in Japan, NSCL/MSU in the U.S., GSI in Germany, GANIL in France,
and TRIUMF in Canada [2–6]. Halo neutrons can be studied by inducing them to separate
from the core using the strong coulomb field of heavy nuclei. The breakup reaction can be
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thought of as the absorption of a virtual photon produced in the Coulomb field of the heavy
mass target, and can potentially transfer enough energy to cause the loosely-bound halo
neutron(s) to separate from the core [7]. The weakly bound halo neutrons are in principle
unaffected by the Coulomb force between the target and core nuclei, allowing the neutrons
to travel towards an array of neutron detectors, as shown in Figure 1.1.
Figure 1.1: Halo nucleus interaction with a heavy target nucleus with a typical detector
array
The breakup of the halo nucleus produces a wide angular distribution of neutrons, but the
initial momentum in the beam direction causes the neutrons to remain at forward angles. The
angular distribution of neutrons is dependent on the initial configuration of the halo nucleus
[8]. For example, if both halo neutrons were located close together during the breakup, the
angular separation of the pair is smaller than if the two neutrons were located on opposite
sides of the core, as shown in Figure 1.2.
This study will focus on a three body halo system (core-n-n) to provide methods in
understanding possible n-n correlations. This three-body system is labeled “Borromean”
after the three linked rings in the coat of arms in the Borromeo family of Italy in the mid-
fifteenth century. The rings are interlocked in such a way that if any one of them were to
be removed, the other two rings would also come apart e.g. three-body halo nuclei sit in a
2
(a) Opposite Side (b) Same Side
Figure 1.2: Two-neutron halo configurations
bound state and any two-body combination of the system is unbound [9]. Neutrons in a halo
have a large spatial distribution in the nucleus and are found in s-wave or p-wave states, or
a mixture of both as in the case of 11Li [10]. The large spatial extent of the halo neutrons
results in a correspondingly narrow momentum distribution according to the uncertainty
principle. The momenta of the two halo neutrons following the breakup are forward peaked
because of the initial beam momentum, resulting in a low relative momentum, −→q , given by
equations 1.1 and 1.2, and also shown as a simple drawing in Figure 1.3.
−→q = −→p1 −−→p2 (1.1)





Figure 1.3: Simple drawing of a neutron detector array showing the relative momentum, −→q ,
formed by the two momentum vectors of a neutron pair,
−→
P i, with angular separation, θ12
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The low relative momentum is due to the fact that the neutrons are traveling at similar
momenta with a small opening angle between the neutron pair. This low relative momentum
is a clear signature of a strong correlation between halo neutrons in the nucleus. To detect
these neutrons in coincidence, an array of detectors needs to have small separation between
neighboring detectors to be efficient at probing neutron pairs with small relative angles;
however, a compact detector array introduces a high level of neutron scattering between
detectors.
1.2 Motivation
The problem when looking for neutron halo pairs is that detecting two neutrons in co-
incidence is made difficult by neutron cross-talk. These events mimic the signature of a
real neutron pair in the experimental data, as seen in Figure 1.4. In order to mitigate the
problem of cross-talk, a time of flight filter is used to reject events caused by a single neutron
generating multiple hits in the detector array. The filter is based on the geometry of the
detector array, the size of the detectors, and the neutron time of flight. The goal of this
study is to correctly identify neutron pairs, and thereby rejecting the “false-positives”, in
order to provide information on the original halo nucleus.
The standard detector geometry used in this study is a forward focused spherical wall
of evenly spaced detectors. The idea behind this array is inspired by the DESCANT array,
which is a deuterated liquid scintillator array for neutron tagging. DESCANT is under con-
struction at the ISAC-II radioactive ion beam facility in Vancouver, B.C. to study properties
of unstable isotopes. There are 70 detectors used in DESCANT that are hexaconical in shape
[11]. This study uses 93 cylindrical detectors each with a radius of 6cm and a length of 15cm,
which is similar in size to the detectors used in DESCANT. The standard wall geometry of
the array is tested using computer simulations to find methods of optimizing the efficiency of
detecting low −→q neutron pairs. In principle, rearranging the geometry of the detector array
is advantageous because of the intrinsic abilities of the array to minimize the probability










Figure 1.4: Comparison between a cross-talk event (a) and a real neutron pair (b) detected
in the array leading to the same detection signals in the detectors
at various detector configurations to see which one is the most efficient at identifying true
neutron pairs by rejecting cross-talk events.
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CHAPTER 2
GEANT4 MODEL OF A LIQUID SCINTILLATOR NEUTRON ARRAY
GEANT4 is a Monte Carlo computer simulation program used for experiments in many
areas of physics including high-energy physics, nuclear physics, astrophysics, and medical
physics [12]. The program was developed at CERN out of a need for software development in
modern experiments. It is based on an object oriented framework that is written in C/C++.
GEANT4 is used in this study for its versatility with geometries, materials, visualization,
and particle tracking. This program has a vast library of physical processes that provide all
the tools necessary to model particle interactions up to the TeV energy range. This research
study uses GEANT4 to provide a model for an experiment that aims to detect halo neutron
pairs with low relative momentum.
2.1 Fundamentals of Fast Neutron Detection
Detection of neutrons in the MeV range relies on elastic scattering with protons contained
in organic scintillators, either plastic or liquid. Since the neutron is not charged, it is only
the motion of the secondary particle that is responsible for the production of the signal in the
detector. The scintillating material converts the kinetic energy of the charged particle to a
certain amount of light related to the energy deposited in the medium, as seen in Figure 2.1.
The light is created by fluorescence and phosphorescence in excited organic molecules. Most
of the scintillation light is from the prompt fluorescence process with a decay time on the
order of nanoseconds, but there is also delayed light response from phosphorescence that
can have a decay time on the order of milliseconds, depending on the material [13]. The
scintillation light output is dependent on the energy of the incident particle and also the
purity of the organic material. In a liquid scintillator, the light producing material is dissolved
in a solvent to take advantage of the energy transfer efficiency of the solvent. The excited
molecules will transfer their energy through photo-emission to the medium, which is then
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picked up by a Photo-Multiplier Tube (PMT). Impurities such as oxygen can reduce the
light collected by competing for the energy transfer between the scintillating molecules and
the solvent [14].
Figure 2.1: GEANT4 simulation screenshot of a cylindrical shaped detector showing scintil-
lation light produced in an elastic collision with a neutron
Each detector in a typical set up would have one or more PMT’s attached to the detector
module using optical cement. The entire scintillating portion of the device is encased in a
light reflecting material to maximize the amount of light that is picked up by the PMT. The
outer cover should be light tight to keep out any background light that could skew the signal.
The light produced in the interaction is reflected inward to the PMT to be converted into
a voltage signal. The detectors used in the simulation are covered by a “perfect” reflector,
meaning all the light produced in the interaction is picked up by the PMT to produce a
signal. Realistically, only a fraction of the light produced in an interaction will make it to
the PMT for a variety of reasons including the type of reflecting material used and also from
light absorption in the material.
The photons produced in the interaction are collected at a thin layer of semi-conductor
material in the PMT called the photocathode, where the photons transfer their energy, hν,
to produce free electrons. Longer wavelength photons, such as red light, will not excite the
electrons enough to cross the boundary of the photocathode to the internal portion of the
PMT, which is the reason most scintillating materials perform in the blue end of the visible
spectra (< 495nm) [13]. Photo-multiplier tubes are sealed to hold the inside chamber at
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vacuum, allowing the low energy photoelectrons to travel a distance with little energy loss.
The photoelectrons are guided to a series of dynodes using an electric field, as shown in
Figure 2.2. Each dynode works similar to the photocathode and emits a cascade of electrons
caused by the energy of the incident electrons.
Figure 2.2: Schematic of a photomultiplier tube showing the signal amplification process
through a series of dynodes
The number of electrons is linearly amplified with each dynode, converting a small amount
of electrons to a measurable voltage pulse. This voltage pulse is proportional to the light
collected on the PMT photocathode. The rising edge of the voltage pulse is used for the
time of flight of the neutron, and the amplitude of this signal is relative to the amount of
energy lost by a neutron in the detector.
2.1.1 Energy from Time of Flight
The rising edge of the voltage signal provides an arrival time for the incoming neutrons.
This time of flight is relative to a start time identified, for example, by detecting energetic
photons produced in the Coulomb breakup reaction. The time of flight combined with the
distance traveled by neutrons is used to estimate the kinetic energy and momentum of the














The range of neutron energies used in this study (< 20MeV) is below the need for a
relativistic treatment in the calculation. The resolution of the kinetic energy and momentum
in an experiment are based on the timing resolution and size of each detector. The timing
resolution is a property of the electronics and the timing of the light pulse created in the
scintillation material. Since the exact location the neutron interacts inside the detector is
not known, the accuracy at which the distance is measured is affected by the size and shape
of detector. The reference point chosen in the reconstruction is the center of the detector,
which introduces some error in the momentum and kinetic energy reconstruction. The time
of flights and detector locations are the only information used in this experiment to provide
information on the original neutron pair.
2.1.2 Energy Loss
The amplitude of a voltage pulse from the PMT is related to the energy lost by a neutron
in the detector. The amount of light created by a neutron interaction in a scintillator is due
to the motion of the secondary charged particle that will electromagnetically excite the
surrounding molecules. The amount of energy that a neutron can transfer in an elastic
collision depends on the mass of the target nucleus. For instance, a neutron can transfer a
maximum of 89% of its energy to a deuteron in a head on elastic collision. More generally,








The recoil energy (ER) is dependent on A, the ratio of the target mass to the incident
particle mass, and θ, the scattering angle of the recoil nucleus in the laboratory reference
frame. A head on collision results in the recoil nucleus traveling at an angle of θ = 0. An
interaction with a carbon nucleus will not produce as many photons because the neutron
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cannot transfer as much of its energy to a larger nucleus. A hydrogen nucleus is essentially
the same mass as a neutron, so the energy transfer is maximized in a head on collision with
a proton. The maximum transferrable energy from a head on collision of a neutron with a
typical nucleus found in the scintillator is shown in Table 2.1.
Table 2.1: Maximum fractional energy transfer in neutron elastic scattering [13]

















6 C 12 0.284
16
8 O 16 0.221
The different nuclei contained in organic scintillating material are mainly carbon, hydro-
gen or deuterium, depending on the material. The type of scintillators tested in this study
are composed of hydrocarbons, see Table 2.2 and Table 2.3. The deuterated scintillators are
also organic, but are enriched in the number of deuterium atoms.
Table 2.2: Commercial organic scintillators [15]
Company Name Density [g/cc] #H atoms/cc Ratio H:C
Bicron BC501A 0.874 4.06 x 1022 1.212
Nuclear Enterprise Ltd. NE213 0.874 4.06 x 1022 1.213
Eljen EJ301 0.874 4.82 x 1022 1.212
Table 2.3: Commercial deuterated organic scintillators [16]
Company Name Density [g/cc] #D atoms/cc Ratio D:C
Bicron BC537 0.954 4.06 x 1022 0.99
Nuclear Enterprise Ltd. NE230 0.954 4.06 x 1022 0.99
Eljen EJ315 0.954 4.06 x 1022 0.99
The energy lost by a neutron in a detector will depend on the type of nucleus involved in
the interaction and the number of collisions that occur. This information is not available in
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an experiment, one only gets a signal integrated over each detector. This makes it difficult to
accurately predict and reconstruct the energy loss of a neutron in a detector. A deuterated
scintillator may provide better energy discrimination due to the response of the scintillator
to neutrons. This characteristic response of a deuterated scintillator changes as a function
of neutron energy, and is discussed in detail in section 4.2.3. The signal responses of two
different materials to 5 MeV mono-energetic neutrons are shown in Figure 2.3.
(a) BC501A regular organic scintillator (b) BC537 deuterated material
Figure 2.3: Detector response from the simulation for two scintillation materials, BC501A
(a) and BC537 (b) for a 5 MeV mono-energetic neutron beam
The peak observed in the response of BC537 suggests that a neutron will lose more
energy on average, opposed to BC501A where the energy response has a “rectangular”
shaped distribution. The energy lost in the detector relates to how much the velocity of a
neutron decreases after the interaction, which can be used to enhance the cross-talk rejection.
This feature of deuterated scintillators is studied in detail for possible improvements in the
efficiency of accepting real neutron pairs.
2.1.3 Electron Equivalent Energy Conversion
The amount of light created in the scintillator will give an estimate of the energy deposited
in electron equivalent energy. The equivalent electron energy to a particle is the amount of
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energy of an electron that produces a similar light output in the scintillator as the particle.
The electron equivalent energy is used to calculate the energy of the incoming neutron based
on the calculation by Cecil et al. [17], which describes the nonlinearity in the conversion from
electron equivalent energy. The conversion to proton equivalent energy, which is directly








This formula is based on experimental testing on a variety of organic scintillators. Coeffi-
cients, ai, are determined experimentally for different materials. A model for NE213 is given
by Cecil et al. [17], and a model for NE230 is given by Croft et al. [18]. These scintillators
are analogous to BC501A and BC537, respectively (see Table 2.2 and Table 2.3). In order
to provide a realistic model in the simulation, the light output of the materials are adjusted
in the program to match the data given by Cecil et al. [17] and Croft et al. [18] to validate
the parameters used in the code. The light output picked up by the PMT changes with
different neutron energy and the amount of impurities in the detector. The material in the
simulation is initially a perfect material, meaning it will produce the maximum number of
photons for each interaction. In a real experiment, the scintillator will contain defects such
as oxygen that reduces the number of detectable photons. To compensate for this effect, an
ionization quenching parameter, known as Birk’s constant, is varied in the simulation to be
consistent with experimental data. Simulated data points are plotted with the experimental
conversion models in Figure 2.4.
To create an accurate simulation model in GEANT4, each material has to be character-
ized in the program to match experimental data. First, the light output for each material is
tested by simulating a mono-energetic electron source and counting the number of photons
produced. The number of photons produced in the interaction is only known in the simu-
lation, but is directly related to the signal amplitude that would come from the PMT. The
amplitude of the signal gives a conversion from the number of photons to electron equivalent
energy. Next, a mono-energetic neutron source is simulated to obtain a relative pulse height
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Figure 2.4: Conversion from electron equivalent energy to neutron energy
and is then compared to the pulse height from the electron source. Last, the quenching
constant for each material is varied in order to adjust the light output to match the ex-
perimental data for BC501A and BC537. The close agreement between the simulated data
and the experimental models validates the parameters used for each detector material in the
simulation.
2.2 Multiple Neutron Detection
A single neutron creating signals in two separate detectors, or ‘cross-talk’ mimics the
detection of a low −→q neutron pair. As shown in Figure 1.4, one neutron can scatter and
trigger two detectors in an event. A single event refers to the tracking of a neutron pair
from the start point until after both neutrons have left the system. During an event, the
first hit recorded in time cannot be a cross-talk because there would have to be an earlier
hit recorded in the event, but the origin of the next hit in time cannot be determined with
direct methods. Using time of flight considerations from the first neutron detected in the
event, it is possible to reject most of the cross-talk.
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The region of interest in this analysis for neutron pairs is at forward angles and low
relative momentum, which is the region where the halo neutrons are expected to be the
most correlated. As the detector separation is decreased to probe the region of interest, the
probability of cross-talk increases because the relative fraction of solid angle covered by the
neighboring detectors increases. The effect of cross-talk in this experiment will produce an
overestimate on the total detected neutron pairs. This is an obvious problem when trying
to measure neutron pairs with small angular separation; therefore, an accurate model for
rejecting these events is required in order to study nuclei with a two-neutron halo. There
have been a few proposed methods to study the rejection of neutron cross-talk, which are
based on kinematic arguments that are specific to the geometry of the detector array and the
entire experiment [19–21]. The cross-talk filter used in this study is based on time of flight
considerations, which are used check the possibility of a scattered neutron creating signals
in more than one detector.
2.2.1 Neutron Parameters in Simulation
The parameters of the neutron source used in the simulation are modeled after a Coulomb
dissociation of a light nucleus with a two-neutron halo. This Coulomb reaction is one of many
techniques that can be used to induce the dissociation of halo neutrons from the core. For
example, this dissociation reaction can occur with a known halo nucleus, 11Li, incident on a
Pb target resulting in 11Li→ 9Li+n+n. There have been many experiments involving this
isotope of lithium in order to find information on the halo structure including the nuclear
radius and possible two-neutron correlations in the nucleus [2, 3, 22, 23]. Experimentally
obtained values for the nuclear radius and the angular distribution of halo neutrons are
used to construct a model of the kinematic distribution of the two neutrons in the case
of a Coulomb breakup. The initial direction of neutrons following a Coulomb dissociation
is modeled using a radial Gaussian shape, which produces an angular distribution of halo
neutrons similar to the work done by Bonaccorso and Brink [24]. The initial momentum
assigned to each neutron in the simulation is based on the spatial extent of the halo in the
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nucleus, and in the case of 11Li, the halo can extend as far as 12 fm. Since the neutrons in
the halo have a large spatial distribution in the nucleus, the momentum distribution will be




For example, using a neutron halo radius of ∆x = 8 fm, the corresponding uncertainty
in momentum will be larger than ∆p ∼= 12MeV/c. The uncertainty used in the simula-
tion is chosen to have a slightly larger spread in momentum equal to ∆p = 20MeV/c to
provide a general experimental model. The average momentum used in the simulation is





The average momentum, p, and spread in momentum, ∆p, are used as the average and
full width half maximum (FWHM) to form a Gaussian distribution of initial momentum
values. On an event-by-event basis, a random value from the momentum distribution is
assigned to each neutron. Once the initial momentum is chosen, a value for the neutron
energy is calculated using equation 2.6. The calculated energy values on an event-by-event
basis form a distribution that is shown in Figure 2.5.
Each neutron in the simulation is randomly assigned an initial energy based on the
distributions in Figure 2.5. The average beam energy of 5 MeV/u is chosen for the analysis
because this type of experiment is not typically performed at this low of energy. The beam
energy is also constrained by the capabilities of the proposed experimental facility, ISAC-II
at TRIUMF, which is limited to about 8.5 MeV/u. This energy range is consistent with the
proposed energy range of the DESCANT array, which is from about 100 keV to 10 MeV.
Each individual neutron is assigned an initial direction based on the angle with respect
to the beam axis. The angular distribution of neutrons used in the simulation is chosen to
be a wide distribution because the average energy of the experiment is lower than previous
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(a) Momentum distribution of individual neutrons (b) Energy distribution of individual neutrons
Figure 2.5: Momentum (a) and energy (b) distributions used as the range of initial param-
eters of halo neutrons in the simulation
studies. It is assumed that the lower beam energy will result in a larger deflection in the
Coulomb field of the target (see discussion in section 4.1). The angular distribution used as
the initial direction for neutrons is shown in Figure 2.6 alongside the angular distribution
from the work of Bonaccorso and Brink [24] for comparison.
The momentum and direction given to each neutron in the beginning of the simulation
produces an initial relative momentum, −→q , assigned for every neutron pair. A sample −→q
distribution from the simulation is shown in Figure 2.7. Recall, −→q is calculated using the
initial momentum vectors of each neutron (see equation 1.1). This distribution contains
all neutron pairs sent towards the array, whether the neutron pairs were detected or not.
The goal of this study is to reproduce this distribution as accurately as possible because it
contains all the information of the original halo neutron pair.
These estimated distributions used for the initial parameters of neutron pairs in the
simulation only provide a simple model for two neutron detection. Although the simulation
provides a realistic model, the neutron beam and detector parameters would have to be tuned
to specific equipment and verified with current experiments in order to provide accurate
information on a specific halo system. The model built in the simulation program is primarily
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(a) Angular distribution of neutrons used in the
simulation at an average energy of E = 5MeV/u
(b) Angular distribution of the one-neutron
breakup in the reaction 9Be(11Be, 10Be)9Be + n
at Einc = 41AMeV .
Figure 2.6: Angular distribution of neutrons in the simulation compared to similar experi-
mental data given by Bonaccorso and Brink [24]
Figure 2.7: Original distribution of the relative momentum of all neutron pairs in a simulation
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used to measure n-n pairs and to study methods of cross-talk rejection.
2.2.2 Determination of the Experimental Relative Momentum
The initial parameters assigned in the simulation cannot be known in an actual exper-
iment. The only information that can be known is reconstructed using the signals in the
detector array. An accurate comparison between the reconstructed results and a known neu-
tron distribution is necessary to provide validation of the simulation results. The relative
momentum between the two neutrons is used for this comparison because the parameter
contains information on the energy and the angular separation between the neutron pair.
The exact relative momentum value is available in the simulation, and is compared to the
reconstructed value obtained from experimental measurements. The energy and momentum
of the neutron is reconstructed for every hit detected using the time of flight and distance
with equations 2.1 and 2.2. If there are two distinct hits in an event then a value for −→q
can be reconstructed using equation 1.1. Recall, an event refers to the tracking of a single
neutron pair from the starting point until after both neutrons have left the system.












On an event-by-event basis, the resolution in a measurement of −→q propagates from the
accuracy with which the position and timing are measured. There needs to be two separate
neutron hits detected in an event in order to reconstruct a value for the relative momentum,
meaning that the resolution in −→q propagates from two separate measurements of distance



















The resolution, σq, is calculated for every neutron pair detected and translates to a
standard bin size along the x-axis for the reconstructed −→q histograms. The bin size that is
used in the analysis is the full width half maximum (FWHM) given by, FWHM = 2
√
2ln2σ.
The resolution in distance and time is the same for both neutrons, σd1 = σd2 = σd and
σt1 = σt2 = σt, and will propagate to an uncertainty in momentum, σp. This resolution
should remain fairly constant as the geometry of the detector wall changes, because the size
and shape of the detectors are kept constant throughout the analysis. The position resolution









Figure 2.8: Schematic of the position resolution in a single detector using spherical coordi-
nates
One factor that will change the position resolution is moving the array away from or
closer to the source. As the detector wall is moved outward from the source, the position
resolution will be more precise due to the smaller angular coverage of the face of each detector.
The timing resolution is dependent on the scintillation material and the electronics used in
the signal processing. The timing resolution used in the simulation is σt ∼= 1ns, which is
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similar to the resolution of the DESCANT array. The timing and position resolution are
combined using equation 2.8 for an average resolution in −→q of around σq ∼= 1.5MeV/c for
a detector array at a distance of 2.5 m from the source. If the array were to be moved to a
radial distance of 4 m from the source, then the expected average resolution in −→q is around
σq ∼= 0.9MeV/c.
The total distribution of neutrons as seen by the detector array will be significantly
different from the real neutron distribution shown in Figure 2.7. This is due to the spacing
in the detector wall and the efficiency of detection in the scintillators. A significant amount of
neutrons will either pass through the spacing in the array or pass through a detector without
interacting in the material. A proper reconstruction of the original relative momentum
involves correcting for the efficiency of the detector array. The total efficiency of the array is
a combination of the detection efficiency, εdet, for each neutron and the geometrical efficiency,
εgeom(−→q ), from the spatial coverage of the detector wall. The original distribution of neutrons
is comprised of significantly more neutron pairs than what is seen by the detector array due
to the efficiency of the array. The best estimate of the total number of real neutron pairs,
Nexp(−→q ), is recovered by correcting the number of pairs detected, Ndet(−→q ), by the efficiency






The detection efficiency, εdet, is actually dependent on neutron energy, εdet(En), and can
be estimated by simulating a beam of neutrons directly into a detector and comparing the
number detected to the number sent. Experimentally, this can be measured in a lab by
stepping through the energy of a neutron beam and performing the same counting process
with the signals from a detector. The value for the detection efficiency used in the simulation
for both neutrons is an average value for the entire range of neutron energy, given by εdet.
The reason for this average efficiency is because the reconstruction calculation is based on
the entire distribution as opposed to a single event reconstruction. The process for applying
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the efficiency corrections is shown in Figure 2.9. The flow diagram shows the steps used
to reconstruct the original distribution of neutrons using the results from simulation. First
step is to start with a distribution that is detected by the array, then applying the cross-talk
filter to obtain a distribution of real neutron pairs, and last is correcting for the efficiency
to recover the original distribution.
Figure 2.9: Efficiency correction process for obtaining the original neutron distribution
The geometrical efficiency, εgeom(−→q ), can only be estimated using a known neutron dis-
tribution. As shown in the flow diagram in Figure 2.9, εgeom(−→q ), is found for each detector
configuration by starting with a known distribution of −→q , and comparing the number of real
neutron pairs to the total amount of reconstructed neutron pairs at a given value of −→q , re-
sulting in εgeom(−→q ). Once the geometrical efficiency is recovered for a certain configuration,
it can be applied to the previous experimental distribution to deduce the unknown distribu-
tion. This unknown distribution contains all of the physical information of the original halo
pair, and the goal of this study is to correctly reconstruct this distribution.
The statistical error in the total number of neutron pairs detected propagates from the
amount of statistics used for the efficiency corrections, εgeom(−→q ) and εni(En). In the efficiency
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correction process, the number of pairs detected is divided by the efficiencies to estimate
the original distribution. Each operation done to adjust the number of detected pairs will
factor in a statistical error associated with the efficiency. The total propagated error is
given by ∆Ndet(−→q ) in equation 2.10. Obtaining a large amount of statistics in the detected


























2.2.3 The Wall Configuration
The wall of detectors is constructed with the simulation program to make an experimental
measurement of −→q . The standard experimental setup will consist of a spherical wall of 91
detectors (13x7). Each detector is cylindrically shaped and evenly spaced in the array. They
are aligned in such a way that the front face of every detector in the wall is equidistant
from the target. Different variations of the geometry and materials are tested to find an
optimal array that will minimize the amount of cross-talk while maximizing the coverage
at small opening angles. For instance, a double wall configuration (see Figure 2.10) will,
in principle, reduce the amount of cross-talk by increasing the separation between nearby
detectors and at the same time preserve the small angle coverage. Larger separations between
detectors will also reduce the probability of a cross-talk by reducing the solid angle between
neighboring detectors. These parameters are studied in detail to provide an optimal detector
configuration in section 4.1.
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(a) Single wall configuration
(b) Double wall configuration
Figure 2.10: Example detector arrays used in the simulation, positioned 2.5 meters from




The separation between detectors in the standard wall configuration plays a significant
role in the total number of cross-talk events. Although certain variations on the geometry
of the array may have their own intrinsic qualities in rejecting neutron cross-talk, a time
of flight based algorithm is necessary to completely reject all scattering events caused by a
single neutron.
3.1 Principle
In this work, the rejection of neutron cross-talk is based on time of flight considerations,
which is the only reliable physical quantity obtained in an experiment. The shortest time of
flight recorded in each event cannot be a cross-talk because there is no prior hit in the array,
meaning the first hit detected in time has to be one of the neutrons of the halo pair. Based
on this information, the other hits in an event are compared to the hit with the shortest
time of flight to check for the possibility of cross-talk.
The velocity of the first neutron is deduced from the time of flight (t1) and distance to
the detector. This velocity combined with the detector separation provide a minimum travel
time (tmin) for the neutron to trigger the next detector. A signature of a real neutron pair
is when the next hit (t2) occurs in a time less than the cutoff time, given by the following
condition,
t2 < tcutoff = t1 + tmin (3.1)
This condition is satisfied when tcutoff is larger than t2, which can occur with a slow
neutron and a large distance between the two detectors that were hit. If the first neutron is
too slow to have physically traveled to the next detector to produce the hit at time t2, the
next hit had to have come from a separate neutron. If the next hit was detected at a time
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that is longer than tcutoff , then a possible cross-talk has occurred and is therefore rejected.
In the simulation program, an algorithm is used to obtain a minimum distance between
detectors that were hit to calculate the minimum travel time of the first neutron to the other
detectors hit. The calculation is based on the geometry of the entire detector array and the
distance from the neutron starting point (Figure 3.1). The algorithm is specific to a spherical
wall geometry and will output the minimum distance between any two detectors in the wall.










(a) Schematic of two detectors showing











(b) Sample detector array showing the loca-
tion of the minimum distance between detec-
tors
Figure 3.1: Minimum distance between detectors used for cross-talk rejection in the recon-
struction





ure 3.1), and the dimensions of the detector. In a single wall configuration, the minimum
distance is found by first subtracting half the detector’s length along the location vector,
−→
di.
Next, the small angle β is found using the detector radius and the distance to the front face
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of the detector. Now, dmin is calculated using the law of cosines with the angle γ. The same
calculation is used for a two-wall configuration, except the minimum distance is the distance
from the back of the detector in the front wall to the front of the detector in the rear wall.
This time of flight rejection method is also extended to analyze multiple hits in an event.
Given that the shortest time of flight cannot be a cross-talk, each successive hit in time is
compared to the first. If the second hit is determined to come from a separate neutron, then
each successive hit can be compared to the first and second hits. The analysis would stop
after the determination of the second halo neutron since the nuclei of interest have only a
two-neutron halo; however, this method can be extended to distinguish between multiple
neutrons (>2). A sample event from the simulation shown in Figure 3.2 is an example of
multiple hits occurring in the array. In this case, the reconstructed pair after introducing
the filter will be between hits #1 and #3. Other combinations of hits are rejected using
time of flight considerations along with the minimum distance between detectors; therefore,
the filter was able to preserve the original neutron pair in this event.




The exact location of the neutron interaction inside of a detector cannot be known pre-
cisely, which is the reason for the uncertainty in the distance traveled by a neutron. Making
the assumption that the neutron interacts in the center of the detector can be advantageous
by limiting the amount of error along the face of the detector, which is also related to the
spatial separation between two neutrons. Another choice of interaction point is a random
reconstruction point inside the detector to better represent the point at which the neutron
will interact. The location is randomly chosen, but is also based on the probable depth a
neutron travels into the material before reacting. The probability functions used to choose































Side view of detector
Front view of detector
r
Φ
Length across face of detector
Figure 3.3: Random interaction point method used for reconstruction
The average depth at which the neutron travels into the detector before interacting can
be estimated based on the energy of the particle and the chemical composition of the detector




where µ(E) is a linear attenuation coefficient based on the material, and x is the depth a
neutron travels into the detector. The interaction point is chosen randomly inside the de-
tector according to the average depth of a 5 MeV neutron before interacting. This method
of reconstruction is based on the fact that it will be a better representation of the original
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distribution with a large amount of statistics; however, this method will not exactly recon-
struct the original distribution because of the choice of random point across the face of the
detector. The error in the angular separation between two neutrons is larger in the random
case because the real interaction point can be as much as an entire diameter away from the
selected reconstruction location. One main goal of this study is to provide good detection
efficiency of neutron pairs with small angular separation, because of this, the center of the
detector is used as a reconstruction point for better angular resolution.
3.2 Implementation and Basic Tests
The expected results for the reconstructed relative momentum are shown in Figure 3.4.
The distribution of real neutron pairs, given by the solid curve in Figure 3.4, represents
every neutron pair sent toward the detector wall that can possibly be measured by the
array, i.e. the maximum amount of true detectable pairs. Since the detector wall is not
perfect, many neutrons will pass through the wall without being detected, so the solid curve
in Figure 3.4 does not represent the original neutron distribution. Recall from the flow
diagram in Figure 2.9 that original distribution is only recovered after correcting for the
efficiency of the array.
The reconstructed distribution will contain a threshold, −→q min, because the spacing be-
tween nearby detectors in the array does not allow the detection of neutrons with a very
small relative angle, θ12. The distribution will also contain a large number of cross-talk
events that add to the total number of detected pairs. These events will concentrate in the
region of small −→q because cross-talk primarily happens between adjacent detectors. The
cross-talk events are filtered out of the total detected pairs using the time of flight rejection
algorithm, but real pairs are also rejected at the same time. The ratio of reconstructed
counts to the total detectable counts is also shown in Figure 3.4 to clearly see the ranges
of −→q at which there is a higher amount of cross-talk and where the filter is rejecting good
events. The best possible outcome would be to correctly reconstruct all the real pairs that















(a) Expected relative momentum results of neu-
tron pairs detected before (blue) and after (red)
the cross-talk filter compared to the maximum


























(b) Ratio of reconstructed counts to all true neu-
tron pairs detected. All reconstructed hits includ-
ing cross-talk (blue), pairs left after cross-talk filter
(red), all real neutron pairs detected in the array
(black)
Figure 3.4: Expected momentum reconstruction results from the simulation compared to
the distribution of all neutron pairs detected by the experimental setup showing the effect
of the cross-talk filter
time of flight rejection is a strict cutoff because it is based on the exact minimum distance
between detectors; therefore, the filter should reject all of the cross-talk pairs, and also some
real neutron pairs. In principle, the reconstructed distribution should match up very well at
high values of −→q because cross-talk is less probable and more easily rejected in this region.
A neutron pair with a high −→q would either be caused by a large angular separation and/or
a large difference in neutron energy between the pair.
Some preliminary tests provide validation for the cross-talk filter. The histogram in Fig-
ure 3.5 shows the difference of the reconstructed momentum to the real relative momentum
of the neutron pair. Recall that the reconstructed relative momentum is deduced for each
detected pair using the time of flight, and the real momentum is available in the simulation.
The spread of values along the y-axis in Figure 3.5 give an idea of the resolution achievable
with the wall array. This resolution will propagate to a standard bin size along the x-axis
for the reconstructed −→q histograms.
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Figure 3.5: Difference between the reconstructed relative momentum (qmeas) to the real
momentum (qsim) of neutron pairs
3.2.1 Cases Contributing to Errors in the Reconstruction
The reconstruction of events relies heavily on the performance of the equipment. Since
the only measurable quantities in an experiment are time of flight and pulse height, there are
some errors that occur during the reconstruction causing a misrepresentation of the original
neutron pair. For instance, a neutron can scatter off a nucleus in the air along its path to
the detector array. As shown in Figure 3.6, a neutron pair is traveling with a small opening
angle, but is detected at a large opening angle after the deflection in the air. In this case,
the reconstructed value for −→q is significantly larger than the original value. The opposite
case could occur as well, the original neutron pair could be traveling with a large angle of
separation and deflect inward to reconstruct a smaller value for −→q . Although this type of
event is rare, it is unavoidable because it cannot be known that a neutron has scattered
before hitting a detector. The only distribution that can be reconstructed is from the hits
seen by the detector array.
Even though a neutron interacts in a detector it does not mean the recoil nucleus will
deposit enough energy to produce a signal in the PMT, which means a neutron can scatter
in a detector without being detected by the equipment, see Figure 3.7. This threshold error






Figure 3.6: Top view of detector wall array showing a neutron deflecting off of a nucleus in
the air causing an error in the reconstruction
and the recoil nucleus does not produce enough photons for a measurable signal, or the light
quenching from defects in the scintillator reduces the signal size to below threshold, or a
combination of both. This is not an issue in the simulation program because the threshold
can be chosen by the user. In order to provide a more realistic simulation, the detection
threshold is set to 100 keV.
The reconstruction program carries the assumption that the neutron interacts in the
exact midpoint of the detector and because of this, there are a few cross-talk events that
can make it past the filter. These events correspond to the diagram shown in Figure 3.8,
where the real interaction point is behind the reconstructed point inside the detector. The
reconstructed velocity in this case is slower than the real velocity because dreal > drecon for
the same time of flight signal. The cross-talk filter uses the reconstructed velocity and the
minimum distance, dmin, to provide a cutoff for single neutron events. Because the neutron
is traveling faster than expected in this case, there is a possibility for a cross-talk event to
make it past the time of flight filter. This effect occurs more often with slower neutrons
(<2 MeV).
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Figure 3.7: Sample event from the simulation with signals below equipment threshold causing





Figure 3.8: Error in the time of flight rejection caused by the coice of reconstruction point




The focus in this research is to look for advantages in detecting two-neutron halos by
introducing variations to the geometry of a standard wall array. This standard array is
a spherical wall of cylindrical shaped detectors made of liquid scintillating material. The
variables of interest are the spacing between detectors, the distance from the target to the
array, and the chemical composition of the scintillating material. The goal while iterating
through different combinations of these variables is to look for characteristics of a particular
configuration in measuring neutron pairs, especially at low relative momenta. An optimal
configuration, in this case, will maximize the intrinsic properties of the array at lowering the
probability of neutron cross-talk, and at the same time, maximize the efficiency of the time
of flight rejection algorithm.
4.1 Parameters of the Standard Wall
The exact point at which the neutron halo separates from the core cannot be determined
with a simple model. It is suggested that the nucleus will have a “clean” break at higher beam
energies, meaning the halo neutrons should continue along nearly a straight line trajectory
[25]. The average beam energy in this study is 5 MeV/u (refer to 2.2.1), as opposed to the
most recent neutron halo experiments, which are performed at a much higher beam energy
(>25 MeV/u). The deflection during the breakup is assumed to be a significant factor in
the analysis when running at lower energies (<10 MeV/u). A simple Rutherford scattering
model tells us that the electromagnetic force from the target nucleus will greatly affect the
trajectory of a low energy projectile (see Figure 4.1). This repulsion will shift the focus of
the neutron beam away from the center of the wall. Recall the model used in the simulation
for a wide angular distribution of neutrons, as shown in Figure 2.6. In order to prepare for a
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large deflection effect like this, the distance to the wall and separation are chosen to provide




Coulomb Field of Target Nucleus
Θ Θs s
Figure 4.1: Coulomb repulsion at low energy causing a larger deflection angle, Θs, than at
high energy
4.1.1 Distance to Wall
The distance to the detector wall from the neutron source changes the ability to cover
certain angles. This distance also has to be large enough to resolve a 5 MeV neutron based
on equation 2.1, the timing resolution, and the position resolution. Figure 4.2 shows the
average energy resolution for different distances to the array. The range of neutron energies
displayed is consistent with the neutron energy distribution used in the simulation, shown
in Figure 2.5.
An array at a distance of 250 cm with a neutron energy of 5 MeV has an acceptable
resolution of about σE ∼= 125 keV . As the array is moved closer to a distance of 150 cm,
the accuracy at which the energy can be measured decreases by a factor of 2, but the total
angular coverage of the wall increases. This trade-off between energy resolution and angular
coverage determines the optimal distance to the array for a given neutron energy range.
Moving the array further than 250 cm has the advantage of a slightly better resolution in
the measured neutron energy, but the angular coverage decreases. Both of these effects can
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Figure 4.2: Energy resolution for different neutron energies and distances to the array
be seen in Figure 4.3.
The top-most graphs in Figure 4.3 correspond to all the neutron pairs seen by the detector
array (refer to Figure 3.4(a)). The lower plots in Figure 4.3 are the reconstruction results for
the original neutron distribution after correcting for the efficiency of the array. The goal of
this study is to accurately recover the original distribution as best as possible. The results at
a distance of 400 cm show that the resolution in −→q does indeed get better by the smaller bin
size along the x-axis, but the range of measureable values of −→q decreases and recovers less
of the tail end of the original distribution. The tail end of the distribution can be useful for
normalization because the probability of cross-talk is very low in this region of −→q . The error
bars seem to be larger on average at a distance of 400 cm because of the loss of statistics.
For example, in the simulation, the total amount of pairs recovered by the array compared
to the total number of pairs simulated at a distance of 250 cm is about 1.2%, and drops to
about 0.54% at a distance of 400 cm, not including efficiency corrections. Because of this,
the standard geometry of the array is kept at a distance of 250 cm from the source, and each
variation to the geometry is kept at the same radial distance.
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(a) Distance of 250 cm (b) Distance of 400 cm
Figure 4.3: Relative momentum reconstruction comparison of the detector array at a distance
of 250 cm (a) and 400 cm (b) for the same spacing between detectors. Top graphs: all
events detected by the array including cross-talk (blue), detected events after the time of
flight filter (red), all the real neutron pairs detected by the array (black). Bottom graphs:




Increasing the spacing between neighboring detectors in the array will also increase the
coverage at large angles, but will decrease the coverage at small opening angles. Figure 4.4
shows the spatial coverage for different detector spacing. Each array is at a set distance of
250 cm away from the source, which was chosen in the previous section. The plots display
all of the neutron hits seen by the detector array for a typical simulation.
The separation between the detectors is set based on the anticipated amount of cross-
talk and angular coverage. As the detectors are moved closer together, the solid angle of
neighboring detectors increases resulting in a higher amount of cross-talk. As the detectors
are moved farther apart the amount of cross-talk decreases, but the coverage at small opening
angles is lost. In order to provide the most efficient experimental setup, the array should
minimize the neutron cross-talk and maximize the coverage at low opening angles. Recall
that neutron pairs with a small angular separation are a signature of a halo pair. The
histograms in Figure 4.5, show the relative momentum reconstruction for different spacing
between detectors in the array.
When the detectors are moved closer to a more compact configuration, the amount of
neutron cross-talk greatly increases. Also, because of the small distance between detectors,
the time-of-flight filter rejects a larger number of real pairs causing the efficiency to degrade.
It is clear that with the larger separation of 20cm, the range of measureable −→q values is
shifted higher. In each case, the different configurations in Figure 4.5 show that there is
less cross-talk at high values of −→q as expected. One expectation was that the array would
be able to reconstruct all of the neutron pairs at large values of −→q , but the reconstruction
results are still rejecting a lot of real pairs in this region. This effect is shown best by the
ratio to all detected counts shown in Figure 4.6 (refer to Figure 3.4(b)).
In Figure 4.6, all the points above 1.0 represent the amount of cross-talk accepted by
the array, and all the points on or below 1.0 are the fraction of neutron pairs accepted after





Figure 4.4: Recorded hits for different separations of detectors in the wall located 250 cm
away from the target
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Figure 4.5: Reconstructed distributions of neutrons pairs for different separations between
nearby detectors at a distance of 250 cm from the target (Refer to Figure 4.3 for a complete
description of the data displayed in each histogram)
Figure 4.6: Ratio of reconstructed neutron pairs to all real neutron pairs detected for different
detector separations of 6 cm (blue), 10 cm (red), and 20 cm (green). Ratio of all reconstructed
counts including cross-talk (triangles, ratio over 1.0), and after the cross-talk filter (squares,
ratio below 1.0)
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increases to 20cm, which can be seen at −→q values below 20 MeV/c. It is clear by this plot
that not all of the neutron pairs are reconstructed at large values of −→q as expected, and
the reason for this is the energy difference between the two halo neutrons. If the energy
difference is large then the value for −→q will be large, even if the separation angle is small
(see Figure 4.7). This type of event can be detected by the array, but the time of flight filter
will always reject this event because one neutron will be traveling much too slow. These




Figure 4.7: Large difference in energy between halo neutron pair resulting in a large −→q value
While the ability to cover small values of −→q is important to recover the physics of the
original neutron pair, the tail end of the original distribution can be used for normalization
due to the low probability of cross-talk in this region. Since a neutron pair with a large
difference in energy (Figure 4.7) is always rejected by the filter, a detected pair at high −→q
will be caused by a neutron pair with similar energy and a large angle of separation. In order
to recover more statistics in the tail end of the original distribution, the outer detectors of the
original wall array are moved inward to cover larger opening angles as shown in Figure 4.8.
The outer columns of the wall are moved 50 cm closer to the target area and have a separation
that is almost double the separation of the detectors in the main wall.
The added ’wings’ to the original wall configuration provide the angular coverage needed
to recover more of the tail end of the original distribution, while preserving the efficiency at
low −→q . The results of this configuration are shown in Figure 4.9, for different separations
between detectors. The reconstruction of the original distribution is also shown in linear
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Figure 4.8: Single wall configuration with the edge detectors moved in 50 cm closer to the
target to cover a larger angular opening of a neutron pair
scale for reference.
For the new configuration adapted to cover wide angular openings, the spacing of 10cm
between detectors recovers the original distribution quite well. The 10cm spaced array can
reconstruct a larger range of −→q than the more compact 6cm array. The 15cm spaced array
does not reconstruct the original distribution as accurately as the 10cm spaced array, most
likely due to the loss of statistics caused by the larger spacing between detectors.
Based on these results, the most efficient configuration is the 10cm spaced array with the
added ’wings’ for wider angular coverage located a radial distance of 250cm from the source.
This configuration will be the standard detector array for the rest of the analysis in order
to have a clear comparison between two different detector materials, namely BC501A and
BC537.
4.2 Single Wall Configuration
The single wall configuration used for the following analysis is shown in Figure 4.8. The
distance to the wall and the separation between detectors were chosen in the previous section
based on the performance of the relative momentum reconstruction. Using the standard
wall configuration, a clear comparison between different detector materials can be used to
assess the potential advantages of using deuterated scintillators over the traditional liquid
scintillation material.
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Figure 4.9: Reconstructed distributions compared to original distribution of neutrons for dif-
ferent separations between nearby detectors showing the effect of the added angular coverage.
Bottom graphs: Original distribution of neutrons (black) in linear scale with reconstructed
pairs after efficiency corrections (red)
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4.2.1 Deuterated Liquid Scintillators
Deuterated material is used in this analysis to take advantage of the unique energy
response features (see 2.1.2). The peak in the response curve of BC537 is near the maximum
transferrable energy of a neutron to a deuteron. If the neutron loses more energy in the
detector, the velocity post-interaction will be slower, allowing more time for the second
neutron to interact in the detector array. The hypothesis is that a detector array using
deuterated material will reject less real neutron pairs after the filter based on the observed
peak in the detector response curve. Figure 4.10 shows the momentum reconstruction results
for both BC537 and BC501A.
Figure 4.10: Comparison of the relative momentum reconstruction before (triangles) and
after (squares) the cross-talk filter for BC501A (red) and BC537 (blue)
The amount of cross-talk in the array is decreased with the case of BC537, but shows
only a slight improvement from using BC501A. After introducing the time of flight filter, the
reconstruction looks almost identical to the reconstructed momentum using BC501A. Up to
this point in the analysis, the time of flight filter holds the assumption that the first neutron
is traveling at the same velocity before and after interacting in the detector. In order to take
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full advantage of the properties of a deuterated scintillator, the energy loss of the neutron
in the scintillator should to be corrected for in the reconstruction process.
4.2.2 Energy Loss Corrections
The energy lost by a neutron in a detector is proportional to the signal height recorded in
the PMT. The signal height is converted to a neutron energy loss and is then used in the re-
construction providing a more accurate estimate of the velocity of a neutron post-interaction
(see Figure 4.11). Since the cross-talk rejection algorithm is based on the minimum time
between detectors in the array, a slower neutron would ease the minimum time cutoff. A
higher amount of neutron pairs will be accepted in the reconstruction by increasing the cutoff
time for the second neutron to interact.
Figure 4.11: Simple schematic of the energy loss correction method
Introducing the energy loss correction in each configuration should increase the efficiency
at low values of −→q . Also, due to the light response of the deuterated detectors, the energy
loss correction is expected to have a greater effect for BC537. The results using the Energy
Loss Correction (ELC) are shown in Figure 4.12 where the reconstructed data after the
cross-talk filter accepts a slightly larger amount of real pairs.
These results show that BC501A is still the most efficient in accepting real neutron
pairs after introducing the energy loss correction. This result was unexpected based on the
argument that the peak observed in the response of the deuterated scintillator will play a
significant role in the energy loss correction. The reason for this unexpected result can be
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Figure 4.12: Ratio of reconstructed pairs to real pairs detected after the cross-talk filter for
BC501A and BC537 before (dots) and after (x’s) using the energy loss correction
explained by the large energy range of neutrons in the simulation, because the peak observed
in the response of the deuterated material is not as prevalent with higher neutron energies.
Figure 4.13 shows that at higher neutron energy, the peak in the response curve decreases
with respect to the rest of the distribution.
This peak is the feature that was used to justify that the energy loss correction will have a
greater effect in using a deuterated scintillator than in a traditional organic scintillator. Since
this peak does not stand out as much with higher neutron energies, the energy discrimination
in the deuterated scintillator does not compensate for the fact that more energy can be lost
through a proton interaction. Since a neutron can essentially lose all of its energy in an elastic
reaction with a proton, the velocity of the neutron post-interaction can be slower than with
a deuteron interaction. This effect was assumed to be offset by the energy discrimination of
the deuterated scintillator, but the results show that the traditional scintillator still provides
more energy loss on average, and therefore, a better reconstruction with the energy loss
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Figure 4.13: BC537 response to a range of neutron energies up to 10 MeV
correction. The assumption that a deuterated scintillator will produce a better reconstruction
may be valid if the neutron energy distribution was more discrete around an average of
5 MeV.
4.2.3 Issues in Neutron Detection with the Energy Loss Reconstruction
There are also a few issues that arise in the reconstruction process with the energy
loss of a neutron in a scintillator. One problem in the reconstruction is that the light
output is particle dependent. The conversion from light output to neutron energy in the
program is tuned to the elastic scattering reaction with protons for BC501A and deuterons
for BC537. The carbon in the scintillation material can cause a misrepresentation of the
energy deposited by the neutron because there are fewer photons created in the process.
Another misrepresentation of the neutron energy is from edge effects that occur when the
secondary particle leaves the boundary of the scintillation material without depositing all of
its energy. In order for the energy loss correction to work as expected, the energy calculated
from the light output in a detector should reflect the actual energy lost by the neutron.
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An elastic scatter off of a carbon nucleus results in an underestimate of the actual energy
deposited. At most, a neutron can deposit about 28% of its energy to a carbon nucleus in an
elastic reaction according to equation 2.3, and a carbon atom will not create as much light
in the detector media. The detectable light created in this process is significantly less than
the predicted elastic reaction of neutrons with protons or deuterons. Other contributing
neutron reactions with carbon as well as with deuterons that occur in the energy range of
the experiment are shown in Table 4.1. The cross-sections used in the simulation are from
the ENDF libraries for energies less than 20 MeV. Each of the reactions shown in Table 4.1
will create a different amount of light in the scintillator with respect to the incident neutron
energy.
Table 4.1: Neutron inelastic reactions from ENDF libraries
Reaction Range of neutron energies
2H (n, 2n)1H > 3.3 MeV
12C (n, n′)12C∗ (1st excited) > 4.8 MeV
12C (n, α) 9Be > 6.1 MeV
12C (n, n) 3α > 7.8 MeV
12C (n, n′)12C∗ (2nd excited) > 8.2 MeV
12C (n, n′)12C∗ (3rd excited) > 10.4 MeV
12C (n, p)12Be > 13.6 MeV
12C (n, d)11Be > 15 MeV
4.3 Double Wall Configuration
The double wall configuration has the same amount of detectors as in the standard
single wall, but every other detector is moved back a set distance, with the exception of the
outermost detectors in the ’wings’ of the array. The advantage of a set up like this is that
the array will reduce the amount of cross-talk between nearby detectors, while preserving
the resolution at low opening angles (see Figure 4.14). The cross-talk rejection algorithm
is limited by the smallest distance between detectors, so as the second wall of detectors is
moved farther back, the separation between detectors increases as well. The standard two-
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wall arrays in this study are built to have the same minimum distance between detectors in








(a) Simple schematic of three detectors in the double wall configuration
(b) GEANT4 screenshot of a top view of the stan-
dard double wall array
Figure 4.14: Double wall configuration
The prediction for this array is that there will inherently be less cross-talk and accept
a greater amount of real neutron pairs than in the single wall array. Figure 4.15 shows the
results from simulation of a two wall configuration compared to the single wall array.
The results in Figure 4.15 show that the two wall case reduces the total amount of cross-
talk at low −→q as expected. After introducing the time of flight filter, the results are similar
to the single wall array but the reconstruction in a two wall configuration rejects most of
the events at low −→q . This drop in efficiency stems from the fact that the minimum distance
between the two walls is measured from the back of the detector in the first wall to the front
face of the detector in the back wall, see ` in Figure 4.14. The majority of neutrons will
interact in the front half of the detector closest to the source, and because of this, not as
many neutron pairs make it past the time of flight filter to be reconstructed as a real pair.
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(a) Reconstruction results for BC501A
(b) Reconstruction results for BC537
Figure 4.15: Relative momentum reconstruction comparison between the standard single and
double wall configurations for BC501A and BC537 showing before (triangles, ratio above 1.0)
and after (dots, ratio below 1.0) the cross-talk filter including energy loss corrections
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For example, say the first hit in an event triggers detector #1 in Figure 4.14 and the next
hit is in detector #2 in the rear wall, t1 and t2 respectively. If the neutrons were traveling
at the same speed, the second neutron has to travel the full length of the detector (tdet) plus
the distance to the rear wall (tmin) after the first hit, resulting in a longer time of flight. The
cutoff time for the second hit to be accepted as a real pair is the time of the first hit plus the
minimum time between detectors. The condition to be accepted as a real pair is given by,
t1 + tmin = tcutoff > t2 ∼= t1 + tdet + tmin (4.1)
which is specific to the case of two hits in separate detector walls from a neutron pair traveling
with low −→q . The second hit usually cannot make the time cutoff and is therefore rejected by
the cross-talk filter, which is clearly seen by the drop of efficiency at low −→q in Figure 4.15.
Introducing the energy loss correction gives the ability to recover some of the pairs at low −→q ,
but the single wall configuration still performs better in this region. Possible improvements
to the time of flight cutoff, in this case, are discussed in section 5.1.
The goal of this analysis is to accurately reconstruct the original relative momentum
distribution of neutron pairs to recover the physical characteristics of the original neutron
pair. The reconstruction results are shown in Figure 4.16 for both single and double wall
configurations, as well as using deuterated material.
These results show that the best reconstruction is with the single wall configuration using
BC501A, which recovered the highest number of neutron pairs with the highest accuracy.
Each of the double wall cases have low statistics at large values of −→q , leading to a poor
reconstruction. This drop in statistics is most likely caused by the large spacing between
detectors. The single wall configuration using the deuterated material (BC537) provides a
decent reconstruction, but it cannot recover the original distribution as precisely as the case
with BC501A.
The expectation for the two-wall array is that there will be more sensitivity at low −→q ,
but there is little to no improvement in the reconstruction from the single wall case. There
is, however, an improvement in the reconstructed angular separation of the neutron pair.
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(a) Single wall, BC501A (b) Double wall, BC501A
(c) Single Wall, BC537 (d) Double Wall, BC537
Figure 4.16: Reconstruction of the original relative momentum distribution (−→q ) of neutron
pairs for a single wall configuration (a,c) and a double wall configuration (b,d)
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Figure 4.17 shows the reconstructed angle between two neutrons, θ12, compared to the real
angular separation given in the simulation.
(a) Single wall, BC501A (b) Double wall, BC501A
(c) Single Wall, BC537 (d) Double Wall, BC537
Figure 4.17: Reconstruction of the angular separation,θ12, for the standard single (a,c) and
double (b,d) wall arrays after efficiency corrections
The angle of separation is reconstructed similar to the−→q reconstruction process to recover
the original angular distribution. The resolution in this case propagates from the diameter
of the face of each detector. As expected, the two-wall configuration recovers the original
distribution at low angles better than the single wall configuration in the case of BC501A.
The results for BC537 show that the single wall configuration provides a more accurate
reconstruction than the double wall with BC537. The reason for this stems from the different
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kinematics between an (n,p) elastic collision and an (n,d) elastic collision.
4.3.1 Kinematics
The scattering angle of a neutron after an elastic collision has to do with the mass of the
target nucleus. A deuteron is about twice the mass as a neutron, and a proton is about the
same mass as the neutron. The scattering angle of the neutron after an elastic collision is
simulated in the program by using information given in the ENDF libraries. These elastic
cross-sections are shown in Figure 4.18 for (n,p) and (n,d) reactions.
(a) Neutron-proton elastic scatter cross sections
for different neutron energies
(b) Neutron-deuteron elastic scatter cross sections
for different neutron energies
Figure 4.18: ENDF library cross sections for elastic collisions of neutrons with protons (a)
and deuterons (b)
The angle for the scattered neutron shown in Figure 4.18 is in the laboratory reference
frame. The data for (n,p) elastic scatter is in linear scale and stops at a scattering angle of
around 80 degrees. This is because of the similar masses of a proton and neutron. A neutron
will never be able to scatter at 90 degrees or higher because the incident neutron is slightly
heavier than the target proton, and the resulting scatter will always be at forward angles. In
the case of a collision with a deuteron, a backward scattering angle (>90 degrees) is possible
as shown in Figure 4.18. The cross section for (n,d) elastic scattering has a minimum value
at an angle around v90 degrees. This minimum cross section value decreases as the incident
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neutron energy increases, meaning that as the initial energy of the neutron increases, it is less
likely to scatter at an angle of 90 degrees off of a deuteron. This is supported in experiment
by Schwarz et al. [26], who measured the cross section of the (n,d) elastic scatter for neutron
energies between 2.5 - 30 MeV. The data is shown in Figure 4.19 for a scattering angle in
the center of mass reference frame.
Figure 4.19: Cross section of neutron-deuteron elastic scattering as a function of θcm and
neutron energy given by experimental data and fitted with Legendre polynomials [26]
The minimum cross section appears around 120 degrees in the center of mass frame,
which is about 90 degrees in the laboratory frame. As the neutron energy is increased to 30
MeV, the probability of scattering at an angle of 120 degrees in the center of mass frame
decreases. This is consistent with what is shown in the laboratory reference frame from the
ENDF data in Figure 4.18. A simple schematic of the most probable scattering angles of a
neutron with a proton and a deuteron is shown in Figure 4.20.
Due to the kinematics of these elastic collisions, the amount of cross-talk observed for





(a) Schematic of the most probable scattering an-
gles of a neutron with a proton (p) or deuteron
(d)
Neutron Source
(b) Sample detector array showing a neutron scat-
tering angle of 90 degrees to neighboring detectors
Figure 4.20: Neutron scattering angle diagrams based on the ENDF cross section library
in the previous section (Figure 4.17). The deuterated material (BC537) performs better in
the single wall case because of the “hourglass” shape of the neutron scattering cross section.
There is less probability of a neutron scattering at 90 degrees to the closest neighboring
detectors to cause a cross-talk. When using the double wall configuration, the deuterated
material will induce a higher amount of cross-talk due to the scattering from the front
wall to the back wall, and also backscattering from the back wall to the front wall. This
backscattering is not seen in the case of BC501A, and will therefore produce a lower amount




An optimal configuration for detecting neutron pairs is based on the following criteria,
• Energy and angular resolution
• Intrinsic cross-talk rejection
• Efficiency of the time of flight filter
Throughout the analysis, the detector configurations are characterized by the distance to
the array, the spacing between detectors, and type of detector material used. The array that
performed the best in the criteria for an optimal configuration was a single wall array located
2.5 m from the target, with 10 cm spacing between neighboring detectors, added ’wings’ to
cover larger opening angles, and using BC501A for the detector material. This configuration
covers the largest range of −→q , with the highest accuracy. The average energy and angular
resolutions for this configuration are σE = 0.15MeV and σθ = 0.95
◦, which translates to a
resolution in −→q of σq = 1.58MeV/c. BC501A was chosen as the material because the results
were consistently more efficient at accepting real neutron pairs than in the case of BC537.
The energy loss correction added to the reconstruction process revealed that there is no clear
advantage to using a deuterated scintillator over the traditional scintillating material because
the peak observed in the response of BC537 is not as prevalent with higher energy neutrons
(>8MeV). Also, the maximum energy loss of neutrons in a normal scintillator negates the
apparent advantage of the deuterated pulse shape response. The difference in the kinematics
between an (n,p) and (n,d) elastic scatter, also proved to play a significant role in the amount
of cross-talk for a given detector configuration. There is no clear advantage with a double-
wall configuration when using a deuterated scintillator based on the “hourglass” shape of
the neutron scattering cross section as a function of angle, dσ
dΩ
(θ) (see Figure 4.20).
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5.1 Future work
The time of flight method used for cross-talk rejection in this analysis has some room for
improvement. The results from the two-wall configurations revealed that there is a significant
drop in efficiency at low values of −→q , which was caused by the characteristics of the time
of flight filter. Future work in this area would be to study different ways to ease the time
of flight cutoff and focus on the trade-off between accepting a few cross-talk events, while
accepting a higher number of real neutron pairs in this region. Ways to ease the time of flight
cutoff could include a different reconstruction point inside the detector, a different choice of
minimum distance between detectors, and also by simply increasing the cutoff time by a set
value.
The use of deuterated scintillators may be a better choice based on the type of exper-
imental setup. The neutron scattering angle following an elastic scatter proved to have a
significant influence in the amount of cross-talk and also the reconstruction of events. Using
deuterated scintillators could be more beneficial with a different array configuration that
would incorporate the different kinematic distribution, such as a modified single wall config-
uration. Also, the unique response of the deuterated scintillator may be of use with a lower
energy range of neutrons.
The experimental model built in the simulation program is based on parameters from
past experiments. In order to have a more concrete analysis, the parameters used in the
simulation need to be verified with the specific equipment that will be used. This includes
the detector response characterization and the neutron source parameters for the specific
isotope of interest. The detector modules will have to be improved in the simulation code in
order to incorporate all aspects of a real detector module, including the outer casing of the
detector that holds the liquid scintillating material as well as the properties of the specific
PMT that is used in the experiment. This could also include simulating the effect of the
structures that will be present in a typical experiment, such as the structure that is built
to hold the detectors at a specific location. With these corrections, the signal output of the
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detector in the simulation will be a more realistic match to the experimental voltage signal
obtained from the PMT. The neutron source used in the simulation should be tuned to the
specific parameters of the nuclei used in the experiment. The angular opening and energy
ranges of neutrons are specific to the type of nucleus used in the beam and target nucleus
used in the experiment. A complete characterization of the neutron source and detector
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